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By Dale L. Burrows and Ernest E. Newman ,

E$UMMARY

An investigation at medium to high subsonic speeds has been con-
ducted in the Lengley low-turbulence pressure tunnel to determine the
static stability and control characteristics and to measure the fin
normal forces and moments for a model of a w3ngless fin-controlled missile.

The data were obtained at a Reynolds number of 2.1 x 106 based on the mis-
sile maximum diameter or 17.7 x 106 based on missile length; this Reynolds
number was found *O be large enough to avoid any large scale effects
between the test and the expected flight Reynolds nuder.

With the horizontal-fin deflection limited to a maximum of 60,
longitudh@Jy stable and trimmed flight could not be maintained beyond
an angle of attack of 170 for a Mach number of 0.88 and beyond 20° for a
Mach number of O.x for any center-of+gatity location without the use
of some auxilisry stability or control device such as jet vanes”. Mach
number had no appreciable effect on the center-of-pressurepositions and
only a slight effect on neutral-point position. There was a shift in
neutral-petit position of about 1 caliber as the sngle of attack was
varied through the range for which the neutral point could be deterndned.
Yawfng the model to angles of sideslip up to 70 had little effect on the
longitudinal stability at angles of attack up to 150; however, above 150,
the effect of sideslip was destabilizing.

With the vertical fins at a *6° roll deflection, the ro133ng moment
caused by yawing the model at high angles of attack could be trimed out
up to angles of sideslip of 6.5° and an angle of attack of 26° for a Mach
number of 0.50; this range of sideslip angles was reduced to 30 at a l@ch
number of 0.88. The data indicated that, at lower angles of attack, the
trim range extended to higher angles of sideslip.

The total normal-force and hinge-moqent coefficients for both hori-
zontal fins were slightly nonlinear with both angle-of-attack and fin
deflection. The effect of Mach number was to reduce the slopes of the
hinge-moment coefficient with angle of attack and deflection angle. b

.-J general, the effect of increasing the sideslip angle was to reduce the
values of the fin normal- o~cq -~$l~e-moment coefficients.
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In the launch3ng of
of stability and control
-e where high surface

,

INTRODUCTION

missiles from the
may be especially
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earth’s surface, the problem
critical in the subsonic speed

winds can impose serious conditions of high
angles of attack and sideslip. Because there is a lack of data for
controllable-finmissiles at subsonic speeds and at high angles of attack,
a test program was conducted on a wingless fin-controlled missile model.
The small 600 delta fins are mounted in cruciform at the missile base and
may be deflected for missile control.

This report contains the results of tests conducted in the Langley
low-turbulence pressure tunnel to determine the aerodynamic characteristics
for the complete missile, fin control effectiveness, and fin forces and
moments at Mach numibersfrom 0.5 to 0.88 for angles of attack to as high
as 260 and for combinations of angle of attack and sldeslip.

SYMBOLS

The coordinate system used and the directions of
moments, and angles are shown in figure 1.

positive forces,

.

CN Normal forcenormal-force coefficient,
qA

Cx longitudinal-force coefficient,
Longitudinal force

@

Cy lateral-force coefficient, Lateral force

cl rolling-moment

qA

coefficient, Rolling moment

cm

qAd

Pitching momentpitching-moment coefficient,
qAd

CL lift coefficient, sin uCx + cos CLCN

CD drag coefficient, -cos a cos J3~ - sin ~Cy

Cn yawing-moment coefficient, ‘ati%@7nt

+ cos p sin aCN

CN fin normal-force coefficient, ‘in ‘0- force
F qs

.llkk~~
----- - -, q’.
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measuxed about fin balance electrical

the fin hinge axis, Fin moment

@E

!hea fin moment coefficient

axis which is not at.

fin hinge-moment coefficient, c~a+~:
Ch

difference between value of coefficient at some fin-
deflection angle and zero fin deflection

%-P
missile base-pressure coefficient, —

~

fid2
ma~ cross-sectional area of missile body, ~

distance between fin balance electrical axis and fin hinge

c%
A

a
axis

total fin span

local exposed-fin

mean aerodynamic

maxtium diameter

b

c chord parallel to plane of symmetry

J
b/2

fin, 2
E~

c2db:hord of exposed

of missile body,

(

( 1 caliberd

AH

M

%

P

~

decrement in free-stream total

Mach number

static pressure inside of open

pressure

of model

line

static pressurefree-stream

free-stresm dynamic pressure,
c

@Jd
Reynolds nuniber, ~free-streamR

radial distance from missile center
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exposed horizontal-fin area

free-stream velocity

angle of attack (see fig. 1)

complement of angle of attack, 90° - a

angle of sideslip (see fig. 1)

azimuth angle in plane normal to missile axis

angle of horizontal-fin deflection (see fig. 1)

NACA RM L5X06

.

angle of vertical-fin deflection (see fig. 1)

free-stream mass density

absolute viscosity

.

MODEL AND APPARATUS

The model used in the present investigation was designed and con-
structed for subsonic tests in the Langley low-turbulence pressure tunnel
described in references 1 and 2. Sketches of the model details are pre-
sented in figure 2 and photographs of the model mounted in the tunnel are
shown in figure 3.

The body of the model was an assembled group of conical sections of
turned aluminum alloy. The body of 5-inch maximum diameter and fineness
ratio of 8.45 had a 31.50 nose section and a 4.5° boattail.

Four 600 triangular fins of double wedge section having the maxhum
thickness at 70 percent chord were mounted in cruciform at the base of
the missile. Two of the diametrically opposed fins were constructed of
aluminum alloy and were stationary at zero deflection angle; the other
pair were made of steel and could be deflected. At zero fin deflection,
there was a 0.026-inch gap between the body and the fins. A clearance
gap of 0.021 inch around the fin pivot shaft allowed a leakage.between
the inside and outside of the model. This clearance hole was sealed
when fins were removed for body-alone tests.

Total forces and moments were measured on the sting-mounted model
by means of an internally located six-component, electrical strain-gage
balance which was attachable to the model in two positions of roll so



that the adjustable fins could be tested in either the horizontal or the
vertical plane. An additiond strain-gage balance was mounted inside the
boattail and attached to the interlocked movable fins to provide measure-
ments of the f“innormal force and hinge moments.

Static-pressure tubes for measuring base pressures were installed
on the side of the sting, inside the model, approximately 3/8 inch forward
of the base. A rake of total pressure tubes was used to survey the model
wake at a station coincident with the model base.

TESTS

The tests were made with the use of Freon-12 as a flow medium
(ref. 2) through aMachnumiber range up to 0.88. The~l&chnum-
ber at choke was approximately 0.92 with the model at an angle of attack
of 00. The stagnation pressure was somewhat below atmospheric and was
adjusted to maintain about constant maximum aerodynamic loading; coinci-
dentally, a nearly constant Reynolds number of 2.1 x l& (based on maxi-
mum diameter of missile or 17.7 x 106 based on missile length) was main-
tained throughoh the Mach number range.

*
Measurements were made at values of the Mach number of O.~, 0.70,

0.80, and 0.88 through a range of s@e of attack from -16° to 26° and a
. range of sideslip angles from -~ to 4°. For the missile with sll fins

removed, measurements were made of the normal and chord forces and the
pitching moments. Nc--- and chord-force coefficients were convefied to
lift and drag coefficients by the relation shown in section “Symbols.”
In order to explain the effect df the body flow on the fin, wake surveys
were made at the base of the body for the missile without fins.

For the missile complete with fins, total forces andmments associ-
ated with the model reference axes and horizontal-fin normal forces and
corresponding fin moments were measured for fin-deflection angles of W,
-2°, ~“, and -6° with the vertical fins at zero deflection. With hori-
zontal fins at zero deflection and vertical fins adjustable, total forces
and moments were measured for vertical-fin roll deflections of *2°, ‘~”,
*6°, and +6° upper fin with -2° lower fti.

A general lack of scatter in the data is an indication of the repeat-
ability of the measurements. Flagged (6) and plain (G) symbols used in
some cases indicate representative repeat measurements. Maximum varia-
tions in the various coefficients from the mean faired value in percent of
the maximum value of the coefficient were about as follows: *3 for ~,

%lfor ~, *lfor ~, *lfor C%a, and*2 for C%.

y.jma&@@@gq->
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CORRECTIONS

The usual blocking corrections described in reference 3 were applied
to all force and moment coefficients,Mach numbers, and pressure data.
The angle of attack was corrected for nmdel-support deflection due to
aerodynamic loading. The angle of attack was also corrected by the method
of reference 4 for upwash induced by the tunnel wall. The longitudinal-
force tits were adjusted by an amount equal to the change in pressure
force on the base that would be obtained by changing the measured base
pressure to free-stream static pressure.

The coefficients of force, moment, and pressure as well as free-
stream Mach numbers measured in Freon-12 were converted to corresponding
coefficients and Mach numbers in air by the method of reference 2.

All forces, moments, and pressures were examined for sting tare
effects by comparing data at three sting sizes and extrapolating to zero
sting area. Only the drag, lift, and base pressures required tare cor-
rections and these only for the case of the missile without fins.

INVESTIGATION OF SCALE EFFECT

Because the test Reynolds number was limited to a
the possible flight value, and, in particular, because

value well below
the Reynolds num-

ber based on the cross-component of velocity was fairly low, the possi-
bility was considered that the test results might be subject to consider-
able scale effect. It would be expected, however, on the basis of the
data for yawed cylinders (ref. 5) shown in figure 4, that the model
crossflow Reynolds number was sufficiently high to avoid subcritical
flow conditions. As for the possible scale effect on the fins, it has
been shown (ref. 6) that the aerodynamic characteristics of some sharp-
edge airfoils are decidedly nonlinear at low Reynolds numbers and at low
angles of attack but become linear as the Reynolds number is increased;
the same investigation showed that roughness largely eliminated the non-
linearities at low Reynolds numbers and suggested the possibility that
roughness should be used on the missile fins.

In order to make certain that the values of the aerodynamic coeffi-
cients at some flight Reynolds number would not be appreciably different ‘
from the values obtained in the test, the complete missile was tested
with fins and body rough to induce leading-edge transition, the essential
characteristic of high Reynolds number flow. The body roughness consisted
of four full-length longitudinal bands 1/2 inch wide located midway
between the fins and two l-inch bands around the body circumference, one
at the nose and the other at the station of maximum diameter. The
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roughness on the fins was a l/4-inch band near the lea&ng edge of both
surfaces of each fin. The roughness used in all cases was O.OIO-
to 0.012-inch Carborundum blown on shellac stripes.

As shownby the data in figures 5 and 6, the addition of roughness
did not appreciably affect the aerodynamic characteristics of the fins
or the complete missile. For convenience in the test procedure, the
tests on stability and control were made with the body smooth and the
fins rough.

RESULTS

A list of the basic data obtained in these tests is shown indexed
to configuration and figure number in table I.

Pitching and yawing moments are presented as measured about a point
6.15 calibers from the model nose, which was the electrical axis of the
balance. (See fig. 2(a).)

The base pressure coefficients are not presented for other than the
body-alone case beca~e of leakage around

DISCUSSION

Body Alone

.

the fin pivot shaft.

Forces and moments.- The longitudinal-force and moment co&fficients
for the missile without fins are shown in figure 7. Qualitatively,the
increase in value of the coefficients with Mach nuniberagreed with the
usual trend due to subsonic compressibility effects. The increase of
lift-curve slope with angle of attack is similar to the trend predicted
by body theory.

Wake-flow surveys.- Contours of total-pressure loss coefficients as
measured at the model base are shown in figure 8 for the body without fins
at three angles of attack (3.5°, 10°, and 20°) and at Mach numbers of 0.5

{

and 0.88. It will be noted from figuxe 8 that the wake size increases
with angle of attack qnd, at the highest angle of attack, the wake size
increases appreciably with Mach number. At the higher angles of attack,
a characteristic of the wake typical of slender bodies is the development
of regions of large loss and thus low velocities at azimuth angles of
about *16° whereas between the two regions a low-loss region exists.
This type of flow probably indicates the presence of vortices such as
were investigated in reference 7. The rapid changes of velocity for a

yjpl~~
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fin rolling through the wake region
effects on the fin performance.

Fin Forces

might be expected to have important

and Moments

Unyawed condition.- The variation of normal-force coefficient on
the horizontal fins was nonlinear with ~ (fig. g(a)) due in part at

least to the usual effects of localized regions of leading-edge separa-
tion on thin swept wings. The increment of normal-force coefficient
produced by the deflection of the fin from 0° to -6° does not change
much with M or a as shown in figure g(b).

The curves of fin hinge-moment coefficient CHF in figure 10(b)

were obtained-by transferring the values of the moments measured about
the electrical axis of the strain-gage balance (fig. 10(a)) by the use
of faired values of the normal force. The accuracy of the CHF curves.
is estim.ted to be *0.003 and, therefore, conclusions on the variation
of @F that require greater accuracy are not justified; however, some

genersl observations may be made. The noticeable changes in the.slope
of CHF a@hSt u at a equal to about *8° are due to changes in

the center-of-pressureposition inasmuch as the normal-force coefficient
in this range of angle of attack is linear with angle of attack. The
hinge-moment coefficient was, in general, nonlinear with both bH and a.

Average values of the rate of change of hinge-mment coefficient with bH
(fig. 1O(C)) and a (fig. 10(b)) decrease with increasing Mach number.

,
Sideslip.- Although the hinge-moment and the fin normsl-force coef-

ficients vary rather irregularly wit4 ~ at hi,ghvslues of a (fig. 11),
a general effect of increasing the sideslip is to decrease these coeffi-
cients. The irregular results at high angles of attack are due possibly
to dissymmetry in the wake flow which at those angles can easily result
from very small surface irregularities.

Longitudinal Stability and Control Characteristics

Unyawed condition.- From figure 12, it maybe seen that the lift
coefficient is not affected much ‘byMach number. The nonlinear lift-
coefficient variation with ~ is probably due to the effect of bH

on the fin normal-force coefficient inasmch as the finned missile had
a lift of about three times the body-alone lift. The increasing slope
of the lift curves with increasing a results partially from nonlinear
lift contributions of the body and may also result from the leading-edge
vortex effect on the fins. It may be of interest to note that a deflec-
tion of the fin through a given angle changes the lift about two-thirds
as much as an equal change of augle of attack.



The pitching-moment coefficient (fig. 13) was found to be quite
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nonlinear with a and to

of the slope of ~ with

fore the moment-measuring
missile.

9

some extent with bH. Near a = O the Wue

u at constant bE was nearly zero and there-

axis was near the aerodynamic center of the

In order to discuss the missile stability and control characteristics
without limiting the observations to a specific center-of-gravityposi-
tion, these characteristics can be discussed in terms of the variation of
the center-of-gravitypositions required for-trim snd neutral stability
through the rage of angle of attack and fin deflection The center of
&atity for trti at ~ cotiition of O, bH) and Mach number investigated

is the center of pressure for the sane set of conditions. Such center-of-
pressure positions may be obtained from plots of ~ against CN shown

in figure 14 (where the center of pressure is ~lCN). The center-of-

gravity positim for neutral longitudinal stabili~ coriibinedtith trim is

()

acm
the neutral point corresponding to —

cm= —.
CN

All couibina-

acN ~= constant

tions of ~ and ~ that fall on the ssme line drawn from the origin

in figure 14 have the same center of pressure. For convenience, the
value of the center of pressure for a given line drawn from the origin
may be read from the semicircular scale superimposed in figure 14. A
neutral point for a given fin deflection can be found in figure 14 by
~a-g a ~ne from~e origh t~gentto the c~e of cm ~hst (!N

at constant ~. The slope of the line frmnthe origin gives the positim
of the neutral point and the point of tangency @ves the corresponding
angle of attack. Because of the nonlinearity of the normal-fmce and
moment characteristics,the neutral point changes with angle of attack.

The region of center-of-pressuretravel through the range of
horizontal-fin deflections from -6° to 6° is shown in figure 15 for the
measured range of angles of attack; this region did not change much from
a Mach number of 0.5 to 0.88. The travel of center of pressure becomes
small at the high angles of attack; for example, at a . 160 the travel
is between 5.6 and 6.5 calibers from the nose; hence, any longer travel
of the center of gravity can not be trimmed.,

The variation of neutral point with angle of attack is also shown
in figure 15 for Mach numbers of 0.5 and 0.88, comparison of which indi-
cates that the variation is small with Mach number. The variation of the
neutral point with angle of attack was about 1 caliber through the range
of angle of attack for which the neutral point could be determined.
Stable and trimmed flight is obtained, of course, if the center of gravity
is ahead of the neutral point and behind the center-of-pressureboundary

—.-—. .—._..—.—— ..—.
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for trim at maximum deflection of the fin. At a lhch number of 0.88,
stable flight cannot be maintained simultaneouslywith trim at angles of
attack greater than 1P for any center of gravity without larger fin
deflections or the use of some auxiliary device for stability and con-
trol such as jet Wes; at a Mach number of 0.5, this angle-of-attack range
is extended to 200.

The drag coefficients for the same attitudes and flight conditions
as discussed for control and stability are shown in figure 16.

Sideslip.- Lift, pitching-moment and dmg coefficients are presented
in figures 17, 18, and 19, respectively, for several roll deflections of
the vertical fins. At low angles of attack, an increase in sideslip up
to -~ (fig. 18) does not appreciably affect the longitudinal stability;
in the angle-of-attack range from 15° to 200, however, an increase In
sideslip angle is obviously destabilizing. These observations remain
unchanged throughout the Mach number range and through the fin roll-
deflection range of 00 to *60.

Lateral Stability and Control Characteristics

Unyawed condition.- The effectiveness of the fin for producing a
rolling-moment coefficient increases slightly with angle of attack but
does not change appreciably with llachnumber as shown in figure 20(a).
The greater effectiveness of the fins in roll at the higher angles of
attack (near 200) occurred primarily at the low angles of fin deflection.
The crossover of rolling-moment coefficient at the low deflection and
the high angles of attack and high Mach number is probably the result of
an erratic body-wake effect on the fin. As maybe seen from figures 20(b)
and 20(c), the effects of fins deflected for roll are small on the side-
force coefficient and yawing-moment coefficient.

Sideslip condition.- Figure 21(a) indicates that the directional
stability ~Cn/~~ decreases at the higher angles of attack. At fin

deflections of zero, the data indicated that sideslip causes no rolling
moment for the test angles of attack of @ and-about 16°; however, at
angles of attack between 0° and 16°, small rolling moments may exist in
a direction opposite to the rolling moments measured at higher angles of
attack due to a positive dihedral effect of the horizontal fins. For
angles of attack greater than 16° the rolling moment increases rapidly
with sideslip angle; this result at the high angles of attack is to be
expected for the upper fin moving into the body wake and losing effec-
tiveness in counteracting the rolling moment produced by the lower fin.
At the highest angle of attack tested, the rolling moment at a Mach num-
ber of 0.> could be trtied out with a roll deflection of 6° for values

+6.5° and at a ~ch number of 0.88 theof the sideslip angle between -
range of sideslip angles for trim was reduced to *3°. This effect of
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Mach number is consistent with the wake surveys where at the higher Mach
number a larger wake would envelop the upper fin at the high angles of
attack for the yawed condition.

The data presented in figure 21(c) are the lateral-force and moment
coefficients for a combination of roll deflection and yaw deflection of
the vertical fins. In order to determine the effect on the roll effec-
tiveness of superimposing.ayaw deflection on the.vertical fins already
deflected for roKl_,compare rollirig-momentcoefficients at a Mach number
of 0.88 for a roll deflection of 4 (fig. 21(b)) and a combination of
6° upper fin and 2° lower fin (fig. 21(c)) which geometrically corre-
sponds to 4° of roll and 2° of yaw. It maybe seen from this comparison
that roll effectiveness is very little affected by the addition of a yaw
deflection at least for small deflections and for the r~e of angle of
attack and sideslip tested.

CONCLUSIONS

Static stability md control tests have been tie of a model of a
wingless fti-controlled missile and the following conclusions are pre.
sented for a Mach number range of 0.50 to 0.88 and a fin-deflection range
Up to 6°:

1. Trimmed stable longitudinal flight cannot be maintained with fin
deflection limited to a maximum of 6°, for angles of attack greater than
1P at a Mach number of 0.88 or angles of attack greater than 20° for a
Mach number of 0.50 for any center-of-gravity location without the use of
some auxiliary stability or control device such as jet vanes.

2. Mach number affected the position of the neutral points only
slightly. Through the angle-of-attack range for which the neutral point
could be determined, the neutral point varied over a distance of about
1 caliber. The centers of pressure were not appreciably affected bylkich
nuniber.

3. Up to an angle of attack of 15°, the longitudinal stability was
little affectedly sideslip up to angles of ~ideslip of ~. In the angle-
of-attack range from 15° to 21°, an increase in sideslip resulted in
decreased longitud= stability.

4. At the highest angle of attack tested (26.50) and with a roll
deflection of the fins of 6°, the rolling moment could be trimed out up

to angles of sideslip of 6.5° at a Mach =umber of
reduced to.3° at a Mach nuniberof 0.88. At lower
missile couldbe trimmed in rollto higher angles

O.~O; this range was -
angles of attack, the
of.sideslip.

. —.—— . — .
f
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5. Both the horizontal-fin normal-force
were somewhat nonlinear with angle of attack

6. As the Mach number was increased the

NACA RM L53J06

and hinge-moment coefficients
and fin deflection.

~gnitudes.of slopes of fin
hinge moments with angle of attack and fin defl~ction (a~,l~

ad aCE@, respectively) were appreciably reduced.

7. The general effect of increasing the angle of sideslip was to
decrease the horizontal-fin coefficients of norml force and hinge moment.

Lan@ey Aeronautical Laboratory,
National Advisory Committee for Aeronautics,

Langley Field, Vs., October 6, 1953.
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Figure 5.- A comparison of the effects of surface roughness on the varia-
tion of horizontal-fin force and moment coefficients with angle of
attack for a wingless fin-contro12ed missile model at two Mach num-
bers. =P OO; bH= OO; ~= OO.
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Figure 6.- A comparison of the effects of surface roughness on the varia-
. tion of longitudinal-force and moment coefficients with singleof attack

for a wingless fin-controlled missile model at two Mach numbers.

P = 00; ~== 00; ~=oo.

. . . . . .—— -———- .—.— .—— —.



22 wi~ NACA RM L53J06

-la -12 -a + o ~ 8 12 13 m 24 a

.&@ ofaW, S,deg

(b) M = 0.88.

Figure 6.- Concluded.
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(a) Variation of fin normal-force coefficient with angle of attack
for four pitch-deflection angles.

Figure 9.- Horizontal-fin normal-force coefficients for a wingless fin-
controlled missile model at four Mach numbers. ~ = Oo; 5V = Oo.
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(a) Variation of fin moment coefficient (about electrical axis)
with angle of attack fdr four pitch-deflection angles.

Figure 10.- Horizontal-fin moment coefficients for a wingless fin-
controlled missile model at four Mach numbers.
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(d)M = 0.88.

Figure 12.- Concluded.
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Figure 13.- Variation or pitching-moment casfflcientwith angle of attack
for a ~less fln-controKl.edmi~sile m?lel with the horizontal fins
at four pitch-deflection angles. p=oo; ~=oo.
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